We compared the proteinligand binding free energies (G) obtained by the explicit water model, the MM-GB/SA (molecular-mechanics generalized Born surface area) model, and the docking scoring function. The free energies by the explicit water model and the MM-GB/SA model were calculated by the previously developed Smooth Reaction Path Generation (SRPG) method. In the SRPG method, a smooth reaction path was generated by linking two coordinates, one a bound state and the other an unbound state. The free energy surface along the path was calculated by a molecular dynamics (MD) simulation, and the binding free energy was estimated from the free energy surface. We applied these methods to the streptavidin-and-biotin system. The G value by the explicit water model was close to the experimental value. The G value by the MM-GB/SA model was overestimated and that by the scoring function was underestimated. The free energy surface by the explicit water model was close to that by the GB/SA model around the bound state (distances of < 6 Å), but the discrepancy appears at distances of > 6 Å. Thus, the difference in long-range Coulomb interaction should cause the error in G. The scoring function cannot take into account the entropy change of the protein. Thus, the error of G could depend on the target protein.
Introduction
Various types of solvent models have been used in molecular dynamics (MD) simulations. There are two major types of solvent model. One is the explicit solvent model, which treats water molecules explicitly. When using the explicit model, we can calculate solute-solvent interactions precisely, but the simulation is time-consuming. The other type comprises implicit solvent models. Among the implicit models, the generalized Born (GB)/ surface area (SA) model is widely used [22, 27, 30] . An alternative way to estimate the G value is a docking scoring function. There have been many kinds of proteinligand docking programs and algorithms reported [2, 3, 9, 13, 17, 19, 23] . The calculations of G by the scoring functions are much faster than those by the explicit water model and the MM-GB/SA model. The scoring function is not precise. Namely, the average error is about 2.5 kcal/mol.
In the GB method, hydrophilic interactions between solute and solvent are approximately calculated. The solvent is treated as a continuum, and a high dielectric constant is used. One problem with the GB method is the calculation of the cavity effect. When a cavity is generated between the solutes, the calculated electrostatic interactions in the GB model are underestimated because of the continuum solvent model [11, 15, 24] . In the SA method, the hydrophobic interaction between solute and solvent is calculated only approximately. The hydrophobic interaction is not precisely proportional to the ASA. To calculate the proteinligand binding free-energy (G), the molecularmechanics GB/SA model (MM-GB/SA) has been used [12, 18] . In the MM-GB/SA method, part of the entropy change associated with the ligand binding is estimated by normal mode analysis [5, 26] . In normal mode analysis, the linearity of the protein structure fluctuation is assumed, and the entropy change due to non-linear motion cannot be estimated precisely.
To calculate G, we developed a new method, the Smooth Reaction Path Generation (SRPG) method [8] . In the SRPG method, first, a smooth reaction path that links a bound state and an unbound state is calculated. Second, the potential of mean force (PMF) along the path is calculated by an MD simulation. Third, the PMF around the bound state is calculated to estimate the probability of the bound state. Finally, the G value between the bound and the unbound states is calculated. In the SRPG method, the entropy change of protein and ligand could be estimated precisely. Before the current study, we calculated the G of the streptavidinbiotin complex in explicit water using the SRPG method. The estimated G was very close to the experimental value.
In the current study, we calculated the G of the streptavidinbiotin complex using the MM-GB/SA model with the SRPG method and the docking score program, Sievgene [9, 33] . These results were compared with the result obtained by the explicit water model.
Methods and Materials
We calculated the proteinligand binding free energy, G, using three methods: the SRPG calculation with explicit water, the SRPG calculation with the GB/SA model, and the docking score of Sievgene/myPresto.
When using the SRPG method to calculate the proteinligand binding free energy, first, the ligand dissociation path from a protein binding site to an unbound state is calculated. Second, the smooth reaction path is calculated from the dissociation path. Third, the PMF along the smooth reaction path is calculated. Fourth, the free energy surface around the bound state is calculated to determine the probability of the bound state. Finally, the G is calculated from the ratio of the bound and unbound state probabilities.
G Calculation
The G is calculated from the ratio of the bound and unbound state probabilities. The G is
where k B , T, P B and P U are the Boltzmann constant, temperature, and the probabilities of the bound and unbound state, respectively. Each probability is calculated by integrating an energy function at each state. The probabilities of the bound and unbound state are
where R B , R U ,  and G(r) are the bound and unbound state region, 1/k B T and the free energy at position r, respectively. The free energy around the bound state is approximated using harmonic potentials. The free energy minimum around the bound state is at position r 0 . The free energy around the bound state is
where
The xyz axes in Eq. (4) are the principle axes of ligand distribution around the binding site. The force constants, k x , k y , and k z in Eq. (4) are calculated by the least square fitting of the free energy surface along each axis. The probability of the bound state is
where V B is the volume of the bound state. The free energy surface around the unbound state is flat. The probability of the unbound state is (8) where R, G(r ∞ ) and V 0 are the region of the unbound state, the free energy of the unbound state at position r ∞ and the volume around the unbound state. The r ∞ is a coordinate at unbound state, which is obtained from the ligand dissociation path. If the concentration of the ligand around the unbound state is 1M, the volume, V 0 , is 1661 Å 3 .
Ligand Dissociation Path
The ligand dissociation path is necessary to calculate the smooth reaction path which links bound and unbound states. To obtain the ligand dissociation path, an MD simulation is performed with a starting conformation of the proteinligand complex at high temperature in vacuum. The filling potential (FP) method is used in the MD simulation, which enables the ligand to drift from its local minima automatically, because the free energy minimum is very deep around the proteinligand bound state [10] . In addition, the ligand atoms have no atomic charge to reduce the attractive interactions between the protein and the ligand atoms. One of the ligand atoms is selected as a landmark atom to represent the ligand coordinates and trajectories.
Smooth Reaction Path
It is necessary to obtain a smooth reaction path to calculate the PMF using the thermodynamics integration (TI) method [4, 28] . In the current study, a smooth reaction path linking the bound and unbound state is calculated from the dissociation path using the Legendre function. The initial and final coordinates are selected from the ligand trajectories, which represent the bound and the unbound states. The Legendre function is complete, so that a linear combination of the Legendre function can represent any kind of function. The Legendre function technique generates various kinds of paths that link the initial and the final coordinates. An appropriate curve is selected as a smooth reaction path. Fig. 1 shows a schematic representation of a smooth reaction path.
PMF Calculation
The TI method was applied to the calculation of the potential of mean force (G(R)). The G(R) was calculated by integrating the average force acting on the landmark atom as follows:
where <F(r)> is the average force acting on the landmark atom. The average force was calculated from the MD trajectories. The ligand landmark atom was restricted at a discrete point by using an umbrella potential along the reaction path, and the average force was calculated by removing the effect of the umbrella potential. The distance between the discrete points was set to 0.10.2 Å (Fig. 1) . Figure 1 . A schematic representation of a smooth reaction path (left) and proteinligand systems generated along the reaction path (right). Each black point along the path corresponds to the position of a ligand landmark atom. The initial and the final coordinates correspond to bound and unbound states. In the right four boxes, the large gray objects represent proteins, and the black triangles represent ligands. Each box corresponds to a state used in the MD calculation.
Computational Models
We adopted a streptavidinbiotin complex system (PDB ID: 1stp) as an example system [31] . We followed the modeling procedure of previous works [10, 32] . The topology files of streptavidin and biotin were created using tplgene and tplgeneL in myPresto [33] . For the streptavidin, all of the Asp, Glu, Arg, and Lys residues were treated as being charged.
In the explicit water model, the water molecules were set spherically around the proteinligand binding site. The radius of the water sphere was 25 Å. Streptavidin and biotin consist of 1744 and 31 atoms, respectively. When using the explicit water model, the system contained 4 Cl -, 7 Na + , and 4857 water atoms. We constrained bond lengths between heavy and hydrogen atoms using the SHAKE algorithm [25] . In the explicit water model, 12 Å residue-base cutoffs were used for 1 to 5 electrostatic interactions. The atomic charges of biotin were determined by the restricted electrostatic point charge (RESP) procedure using the HF/6-31G*-level quantum chemical calculations with the program Gaussian 98 [7] . The Amber force field parm99 was used for streptavidin [6] . The general Amber force filed (GAFF) was used for biotin [29] . The TIP3P water model was applied to the water molecules [16] as same as the previous works.
We also used the GB/SA solvent model. The force field and the atomic charges were exactly the same as those of the explicit water model. The ligand dissociation path was the same as the explicit water model. In the GB model, the dielectric constant of the protein ( p ) was set to 1. The dielectric constant of the solvent water was set to 78.3. In the SA model, the probe radius was 1.4 Å and the atomic solvation parameter was set to 10 cal/mol/Å 2 . The SHAKE algorithm was applied to all hydrogen atoms as in the explicit water model. Cutoffs of 25 Å were used for 1 to 5 electrostatic interactions.
The G value was also estimated by the docking simulation program, Sievgene/myPresto. The atomic charges were exactly the same as those of the explicit water model. The ligand dissociation path was the same as that of the explicit water model. We calculated the G value of the proteinligand complexes using Sievgene along the smooth reaction path.
Results
We calculated a ligand dissociation path using the MD simulation with the FP method. First, we performed energy minimization of the crystal structure with position restraint at the protein heavy atoms and the ligand landmark atom. The time step was 1.5fs. Then, we performed an MD simulation in a vacuum for the ligand dissociation from the proteinligand bound state using the FP method. The temperature was set to 700K. In this dissociation calculation, the ligand atomic charges were set to zero to accelerate the ligand dissociation by reducing the attractive interaction. Using the ligand trajectory, we calculated a smooth dissociation path by the Legendre fitting method. A smooth dissociation path linking the bound state and unbound state is shown in Fig. 2 . We prepared 112 proteinligand complex systems along the dissociation path. The distances between neighboring ligand landmark atoms along the dissociation path were less than 0.3 Å.
The PMF obtained by the explicit water model is shown as a curve with filled circles in Fig. 3 . The water molecules were assumed to form a sphere (radius=25 Å) around the bound state with a CAP potential. The counter ions, Cl -and Na + , were also added to neutralize the total charge of the system. Each system was energy-minimized with a position restraint at the protein heavy atoms and the ligand landmark atom. We performed an MD simulation of 1.75ns for equilibration with an umbrella potential at the ligand landmark atom. The time step was set to 1.5fs. The temperature was set to 300K. Then, we performed an MD simulation of 750ps for data sampling. The PMF has a deep minimum at RMSD=0 Å and an energy barrier at RMSD=6 Å. The PMF is continuous. This means that the reaction path is smooth enough to calculate the PMF. The PMF becomes flat when the RMSD > 8 Å. Thus, there is no interaction between the protein and the ligand, and the ligand coordinates at RMSD=15 Å should be in the unbound state.
The PMF obtained by the MM-GB/SA model is shown as a curve with open circles in Fig. 3 . We performed an MD simulation with the GB/SA model; the equilibration time was 300 ps, and the data sampling time was 750ps. The time step was set to 1.5fs. The temperature was set to 300K. The PMF had a deep minimum at RMSD=0 Å, and the profile of PMF was similar to that by the explicit water model in the region of RMSD < 6 Å. However, the energy barrier at RMSD=6 Å disappeared. The PMF value converged to a constant as the RMSD value increased; still, the PMF did not become flat when the RMSD > 15 Å. The long-range interaction between the protein and the ligand was not sufficiently shielded by the GB method. The free energy surface obtained by the docking score is shown in Fig. 4 . We calculated the G along the dissociation path using the docking program, Sievgene. Fig.  4 is not the PMF, since the docking score corresponds to the G. In Sievgene, the electrostatic potential is estimated by a pair-wise Coulombic potential with distancedependent dielectric constant ( = 4 R, where R is the atomic distance in Å unit). The energy profile does not have an energy barrier, as with the PMF by the MM-GB/SA model.
To calculate the probability of the bound state, the free energy surface around the bound state was calculated and fitted to a harmonic potential by the least square method. The PMF along the x, y, and z axes were calculated using the TI method. In this PMF calculation, the ligand was set with an umbrella potential every 0.1 Å from the coordinate of the energy minimum in the bound state. The force constants of the explicit water model, kx, ky and kz were 8.28, 7.15 and 8.27 kcal/mol/Å 2 . The free energies G(r 0 ) and G(r  ) were 0 kcal/mol and 22.1 kcal/mol. The probabilities of the bound and unbound states were calculated from Eq. (7) and Eq. (8). The G was calculated from Eq. (1). The G was -16.5 kcal/mol and the experimental one was -18.3 kcal/mol. The G value obtained by the explicit water model was quite close to the experimental value.
The force constants of the GB/SA model, the kx, ky and kz values were 7.22, 5.63 and 6.08 kcal/mol/Å 2 . The free energies G(r 0 ) and G(r  ) were 0 kcal/mol and 41.2 kcal/mol. The calculated G value was -35.7 kcal/mol. The GB/SA model obviously overestimated the G value, while the same reaction path, the same atomic-charge values, and the same method (SRPG method) were used. The force constants of the GB/SA model were close to those of the explicit water model. This means that the free energy surface around the bound state of the GB/SA model is similar to that of the explicit model. However, the energy difference of G(r 0 )-G(r ∞ ) by the GB/SA model was two times greater than that by the explicit water model. Thus, the estimation of the long-range interaction should cause this error.
The G value by the docking score was -8.74kcal/mol. The docking program underestimated the G value. The error was about 10kcal/mol, much larger than the average error of this docking score of 2.5 kcal/mol. The G values obtained by these methods and their errors are summarized in Table 1 . 
Discussion
The PMF obtained by the explicit water model was almost the same as that by the GB/SA model in the region of RMSD < 6 Å. When RMSD < 6 Å, the ligand was at the binding site. In the region of RMSD > 7 Å, the ligand was outside of the binding site. The PMF by GB/SA gradually increased after the dissociation. At RMSD=15 Å, the free energy difference between the explicit and the GB/SA models was about 20 kcal/mol. This value is very large. The counter ions of the explicit water model can shield the electrostatic interaction between the protein and the ligand. In the GB/SA model, the dielectric constant of the solvent was set to 78.3 without counter ions. This result suggests that the counter ions could be considered to affect the G and PMF of this system. The G value obtained by the docking score was -8.74 kcal/mol. The G value was very different from the experimental value of -18.3 kcal/mol. The G value of streptavidinbiotin is very large compared to the G values for many other proteinligand complexes. Namely, in common drug molecules the ligand efficiency (LE), which is a G per one heavy atom of a ligand, is 0.2-0.5 [1, 21] . In these cases, the docking score function can give appropriate G values with the average error of 2.5 kcal/mol. On the contrary, in the case of streptavidinbiotin, LE=1.14, which is much higher than usual. The calculated LE value obtained by the docking score was 0.55. In general, the entropy change of protein is large value comparing to the G value. The G value of soft protein should be a small value and that of hard protein should be a large value. The streptavidinbiotin system is hard protein, so that the docking method should underestimate the G value. The score function of Sievgene is based on the vdW, ASA, hydrogen bond and Coulomb interactions. The scoring function itself is not so different from the other scoring functions qualitatively. The rigidness of the protein should cause the high LE, since the target protein showed high rigidness. Thus, the current result should be qualitatively similar to that obtained by the other scoring function.
The G value obtained by the SRPG method does not depend on the reaction path by its definition. While the reaction path is not well-defined such as intrinsic reaction coordinate, the RMSD values in the current study is rough indication. Thus, we must note that the profile of PMF itself depends on the reaction path.
Conclusion
We compared the proteinligand binding free energies (G) obtained by the explicit water model, the MM-GB/SA model, and the docking scoring function. The free energies by the explicit water model and the MM-GB/SA model were calculated by the previously developed SRPG method. We applied these methods to the streptavidin-and-biotin system. The G value by the explicit water model (G=-16.5 kcal/mol) was close to the experimental value (G=-18.3 kcal/mol). The G value by the MM-GB/SA model (G=-35.7 kcal/mol) was overestimated and that by the scoring function (G=-8.7 kcal/mol) was underestimated. In the current study, the explicit water model was shown to be the most precise among these three methods.
The free energy surface by the explicit water model was close to that by the GB/SA model around the bound state, while the discrepancy was observed at the distance (RMSD) > 6 Å. The PMF obtained by the explicit water model became flat in the region of RMSD > 6 Å. On the contrary, the PMFs obtained by the MM-GB/SA model and the scoring function were not flat in the region of RMSD > 6 Å. The SRPG method can precisely take into account the entropy change of the protein and the ligand. Thus, the difference in the long-range Coulomb interaction should cause the error in G. The explicit water model (with the counter ions) can strongly shield the electrostatic interaction, but the GB/SA model should weakly shield this electrostatic interaction. The GB/SA model adopted in the current study cannot take into consideration the concentration of counter ions. Consideration of the counter ions could improve the accuracy of the MM-GB/SA method. The G value obtained by the scoring function was very different from the experimental value. The scoring function cannot take into account the entropy change of protein. Thus, the error of G value could depend on the target protein. This result suggests that the accuracy of the scoring function could be improved by taking into account the entropy change of the target protein.
